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patients who would benefit from WNT-targeted therapy.

Introduction

SOX9 belongs to the SOX (SRY-related HMG box) family of tran-
scription factors and regulates many developmental processes.
SOX9 mutations cause campomelic dysplasia, a disease that is char-
acterized by extreme cartilage and bone malformation, multiple
defects in other organs, and frequent XY sex reversal, demonstrat-
ing an important role in tissue development (1, 2). In adults, SOX9 is
highly expressed by stem cells in the intestinal crypts where it is reg-
ulated by the canonical WNT/B-catenin/T cell factor (WNT/f-cat-
enin/TCF) pathway (3). Recent work shows that SOX9 contributes
to the maintenance of stem/progenitor cells in additional tissues,
including liver, pancreas, and hair follicle (4-7). Dysregulated SOX9
expression has been implicated in the pathogenesis of cancers in
multiple tissues, including colorectal, prostate, breast, pancreas,
and lung tissues (8-13). However, the critical SOX9-regulated genes
in most tissues and cancers remain to be established and are likely
cell-type and developmental-stage specific.

SOXO9 is also required for prostate development (10, 14). In
fetal prostate, SOX9 is expressed by the epithelial cells invading
the urogenital sinus mesenchyme during branch expansion (13,
15), and prostate-specific Sox9 knockout causes a profound defect
in prostate ductal morphogenesis (10, 14). In the adult prostate,
SOX9 is expressed primarily by the basal cells, which are pre-
sumed to have roles in maintaining the luminal epithelium (12).
Accumulating evidence strongly supports a role for SOX9 in pros-
tate cancer (PCa) (11-13, 15, 16). Genome-wide association studies
have mapped a PCa-associated 17q24.3 single nucleotide poly-
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The transcription factor SOX9 is critical for prostate development, and dysregulation of SOX9 is implicated in prostate cancer
(PCa). However, the SOX9-dependent genes and pathways involved in both normal and neoplastic prostate epithelium are
largely unknown. Here, we performed SOX9 ChIP sequencing analysis and transcriptome profiling of PCa cells and determined
that SOX9 positively regulates multiple WNT pathway genes, including those encoding WNT receptors (frizzled [FZD] and
lipoprotein receptor-related protein [LRP] family members) and the downstream B-catenin effector TCF4. Analyses of PCa
xenografts and clinical samples both revealed an association between the expression of SOX9 and WNT pathway components
in PCa. Finally, treatment of SOX9-expressing PCa cells with a WNT synthesis inhibitor (LGK974) reduced WNT pathway
signaling in vitro and tumor growth in murine xenograft models. Together, our data indicate that SOX9 expression drives PCa
by reactivating the WNT/p-catenin signaling that mediates ductal morphogenesis in fetal prostate and define a subgroup of

morphism to an enhancer of the SOX9 gene (17). SOX9 is highly
expressed in a subset of primary PCa, in which its expression is
correlated with higher Gleason grades (11), and its expression is
further increased in advanced castration-resistant PCa (12). In
PCa xenograft models, increased SOX9 expression enhanced
growth, invasion, and angiogenesis, while silencing of endogenous
SOX9 markedly impaired tumor growth (13, 18). In mouse models,
prostate-specific transgenic Sox9 overexpression caused prostatic
intraepithelial neoplasia and, in combination with a loss of one
Pten allele, caused progression to invasive PCa (11, 18). Moreover,
Sox9 knockout prevented tumor development in two genetically
engineered mouse models of PCa (TRAMP and Hi-Myc) (10).

TMPRSS2:ERG gene fusions, which occur in approximately
50% of PCa, place the transcription factor ERG under control
of the TMPRSS2 promoter, which is strongly regulated by the
androgen receptor (AR), resulting in high-level androgen-stimu-
lated expression of ERG (19). We recently reported an association
between TMPRSS2:ERG gene fusion and increased SOX9 (18). At
the molecular level, we found that ERG binds adjacent to a cryp-
tic androgen-responsive element downstream of the SOX9 gene,
thereby opening this site for AR binding and androgen-stimulated
expression of SOX9 (18). While ERG may similarly direct AR to
additional genes (18, 20, 21), the profound effects of SOX9 silenc-
ing on the growth and invasion of TMPRSS2:ERG fusion-positive
VCaP PCa cells indicated that SOX9 is a critical effector of ERG
in PCa. Overall these findings support a major role for SOX9 in
PCa and suggest that its normal functions in prostate development
may be reactivated in PCa to drive invasive growth. To test these
hypotheses, we have used SOX9 ChIP sequencing (ChIP-seq) and
transcriptome profiling to comprehensively identify the spectrum
of SOX9-regulated genes and pathways in PCa.
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Figure 1. SOX9 chromatin binding in VCaP cells. (A)
Pie charts demonstrating the distribution of features
in genome (input control) and among SOX9-binding
peaks. The listed genomic features include promoters
(-1kb to +1kb; -2 kb to +2 kb; -3 kb to +3 kb of TSSs);
downstream elements (-1 kb to +1 kb; -2 kb to +2 kb;
-3 kb to +3 kb of transcription stop sites); gene body
(5'UTR, 3'UTR, exons, and introns); and intergenic
regions. (B) An average profile of SOX9-binding peaks
near TSSs. (C) The conservation profile of SOX9-bind-
ing peaks. (D) The top consensus sequence motif
compiled from SOX9-binding peaks within a 100-bp
window centered on the binding summits. The con-
sensus SOX9 motif based on oligonucleotide binding
is also shown.
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not shown). Therefore, the subsequent analyses
were based on the SOX9 Abl ChIP-seq data.

Peak summits

frfe In support of the ChIP-seq results, we could

identify peaks associated with several genes pre-
viously found to be SOX9 regulated, including
COMP, Collla2, Col2al, and Col4a2 (Supple-
mental Figure 1, B and C). Compared with the
distribution of features in the human genome,
SOX9-binding sites were greatly enriched in the
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Results

SOX9-binding sites identified by ChIP-seq in TMPRSS2:ERG fusion-
positive VCaP PCa cells. The TMPRSS2:ERG fusion-positive VCaP
PCa cell line, which expresses high levels of endogenous SOX9
that critically support VCaP growth and invasion, was used as
a model to identify SOX9 chromatin binding sites and SOX9-
regulated genes (18). In pilot studies, we assessed two antibodies
(referred to herein as Abl and Ab2) for ChIP of a well-character-
ized SOX9-binding site in the Col2al gene (22). As shown in Sup-
plemental Figure 1A (supplemental material available online with
this article; doi:10.1172/JCI78815DS1), ChIP effectively brought
down this SOX9 site, with Abl being more effective. We then car-
ried out SOX9 ChIP-seq in VCaP cells using these two anti-SOX9
antibodies in parallel. Peak calling by the model-based analysis for
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are evolutionarily conserved, supporting their

functional significance (Figure 1C). Sequence

motif searches of the SOX9-binding peaks

showed the greatest enrichment for the sequence

CCAATC, which is divergent but related to the

consensus SOX9 motif (AACAAT) that was identified previously

by random oligonucleotide screening (ref. 23 and Figure 1D).

Recent SOX9 ChIP studies in other cell types have similarly found
substantial divergence from the SOX9 consensus motif (24-26).

To determine whether SOX9 may be interacting with other

transcription factors in a subset of SOX9-binding sites, we scanned

flanking sequences for transcription factor motifs. This revealed

enrichment for motifs recognized by transcription factors, includ-

ing AP2, LRF, ETF, WT1, and E2F (Supplemental Figure 1D and

Supplemental Table 1). Interestingly, LRF (also known as ZBTB7A)

was reported to interact with SOX9 and repress SOX9-mediated

stimulation of a long noncoding RNA that prevents cellular senes-

cence in mouse prostate cells (27). Finally, to determine whether

specific pathways may be regulated by these transcription factors
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A SOX9-activated genes B

soxg‘xga

SOX9-repressed genes Figure 2. SOX9-regulated transcriptome in VCaP cells.
(A) An expression profile of genes reduced after SOX9
knockdown by SOXSi-A or SOX39i-B transfections (50X9-
activated genes). (B) Profile of genes increased after
SOX9 knockdown (SOX9-suppressed genes). (C) gRT-PCR
measurement of the relative fold of changes (FC) in mRNA
levels of SOX9-responsive genes after SOX9 knockdown
compared with those of nontargeting siRNA controls
(NTC). Each bar represents the result from one primer
set, with some genes being examined with 2 independent
primer sets (see the Supplemental Methods for primer
sequences). Error bars represent SD.
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in conjunction with SOX9, we used Ingenuity pathway analysis to
analyze the genes associated with these sites for each transcrip-
tion factor but did not find significant enrichment for any pathway
gene sets (data not shown).

SOX9-regulated transcriptome in VCaP cells. We next iden-
tified two independent SOX9 siRNAs (SOX9i-A and -B) that
effectively decreased SOX9 levels in VCaP cells (Supplemental
Figure 2). These siRNAs were then used to transiently decrease
SOX9 expression in VCaP cells, and RNA from these cells or
control cells treated with nontargeting siRNAs was harvested
and analyzed on Affymetrix GeneChip Human Genome U133
Plus 2.0 Arrays. SOX9i-A decreased the expression of 471 genes
by >1.5-fold. SOX9i-B decreased the expression of 246 genes
by >2.0-fold (as SOX9i-B was more potent in repressing SOX9
gene expression, we used a more stringent cutoff). There were
107 decreased genes that overlapped between these two siRNAs
(SOX9-activated genes, Figure 2A). Similarly, the expression of
319 and 158 genes was increased by SOX9i-A and -B, respec-
tively, with an overlap of 63 genes (SOX9-repressed genes, Fig-
ure 2B). Based on these data, the top-ranked SOX9-activated
and -repressed genes are listed in Supplemental Tables 2 and 3.
Using quantitative RT-PCR (qRT-PCR) in VCaP cells, we con-
firmed that expression of a series of these genes was activated
by SOX9 (decreased by SOX9 siRNA) and that SHH expression
was repressed by SOX9 (increased by SOX9 siRNA) (Figure 2C).

Gene set enrichment analysis (GSEA) was then performed to
identify pathways that may be regulated by SOX9. This identified
anumber of pathways that have been implicated in PCa, including
the hedgehog, MAPK, NOTCH, JAK/STAT, cytokine, chemokine,
and WNT signaling pathways (Supplemental Table 4). To assess
whether these pathways may be related to SOX9 in vivo, we car-
ried out GSEA to identify pathways associated with increased
SOX9 mRNA in The Cancer Genome Atlas (TCGA) and Memorial
Sloan Kettering Cancer Center (MSKCC) (28) primary PCa gene
expression data sets. With the exception of hedgehog, each of the
above pathways was associated with increased SOX9 in both data
sets (Supplemental Tables 5 and 6). NOTCH signaling showed
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the strongest correlation in both the TCGA and MSKCC data
sets, which may in part reflect the reported NOTCH regulation of
SOX9 expression (29-31). The correlation with MAPK signaling
may also reflect the reported SOX9 induction through activation
of receptor tyrosine kinases, including FGFRs and MET (16, 32).

SOX9 regulation of WNT signaling. We focused on the rela-
tionship between SOX9 and the WNT signaling pathway, based
on the following observations. Previous studies have shown that
SOX9 expression may be increased downstream of WNT/B-cat-
enin signaling. In particular, SOX9 expression in colonic crypts is
stimulated by p-catenin/TCF4 (33), and we reported previously
that SOX9 expression could be stimulated by WNT signaling
in PCa cells (12). Significantly, SOX9 is expressed by urogenital
sinus epithelium in mouse and human fetal prostate and is criti-
cal for prostate ductal morphogenesis (10, 13, 14). This develop-
mental process is also dependent on canonical WNT/B-catenin
signaling (34), but the relationship between SOX9 and WNT sig-
naling in prostate development and, in particular, whether SOX9
is upstream or downstream of WNT signaling in prostate, has
not been established. Interestingly, recent studies have linked
ERG in TMPRSS2:ERG fusion-positive PCa to WNT signaling
(35, 36), which may be a direct effect of ERG or may be in part
mediated indirectly through ERG-induced SOX9 (18). Finally,
we recently reported an association between SOX9 expression
and the WNT/B-catenin pathway in triple-negative breast cancer
and found that SOX9 could increase the expression of TCF4 and
a WNT coreceptor, lipoprotein receptor-related protein 6 [LRP6],
in breast cancer cells (37). Together, these results supported a link
between SOX9 and WNT signaling.

The WNT pathway GSEA for control versus SOX9-depleted
VCaP cells is shown in Figure 3A. The most highly regulated
WNT pathway gene was the WNT receptor FZD7, with additional
frizzled [FZD] family receptors also being increased (FZD6 and
FZD9) or decreased (FZD3, FZDS8, and FZD5) by SOX9 (Figure
3B). LRP5, a coreceptor with FZD family receptors for WNTs, was
also increased. Downstream of WNT receptors, expression of
DVLI and TCF4 (also known as TCF7L2) was increased, as was
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Figure 3. SOX9 regulation

of multiple WNT signaling
components in VCaP cells.

(A) GSEA of SOX9-responsive
genes shows enrichment of the
WNT signaling pathway in VCaP
cells. Normalized enrichment
score (NES) = 1.00. (B) Heat
maps comparing the expression
of WNT component genes after
transfection with nontarget-
ing control (NTC), SOXSi-A, or
S0X9i-B. (C) Binding profiles
and peak calling records of rep-
resentative WNT component
genes in SOX9 ChIP-seq analy-
sis (within 100 kb upstream
and downstream of each

gene). Significant peaks

(P <1x107) are noted in the
SOXS9 PEAK row.

expression of the B-catenin/TCF4-regulated MYC and LEF1 genes ~ way (38). However, it was recently found to bind B-catenin, with
(Figure 3B). Significantly, Yes-associated protein1 (YAPI) wasalso  the B-catenin/YAP1 complex regulating genes involved in cell
increased by SOX9 (Supplemental Table 7). YAP1 is a transcrip-  growth/survival, thereby opposing the growth inhibitory Hippo
tional coactivator that is negatively regulated by the Hippo path-  pathway (39). Finally, several WNTs were increased by SOX9,
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Figure 4. Validation of SOX9-regulated expression of WNT path-
ways genes and activity in vitro and in vive. (A) Levels of WNT
components were measured by qRT-PCR in VCaP cells transfected
with SOXS9i or control siRNA. The relative mRNA levels are shown
as fold change between SOX9i and nontargeting control (NTC). For
each gene, one bar represents one primer set (some genes were
assessed with two independent primer sets; see the Supplemental
Methods for primer sequences). (B) Levels of WNTSA were mea-
sured by gRT-PCR in VCaP cells transfected with siRNA (S0X9i)
orin a stable VCaP cell line overexpressing SOX9 (S0X9-0E). The
results are presented as the fold change compared with their
corresponding controls. (C) Levels of SOX9 and WNT components
were measured by gqRT-PCR in 5 LNCaP SOX9-0E xenografts
derived from a LNCaP cell line with inducible SOX9 overexpression
(SOX9-0E, n = 5). The relative mRNA levels are shown as fold
change between SOX9-0E and uninduced control. The numbers 1-5
indicate results from 5 independent xenografts. (D) Levels of SOX9
and WNT components were measured by gRT-PCR in 5 CWR22Rv1
xenografts derived from a stable SOX9 shRNA expressing cell line
(shSOX9, n = 5). The relative mRNA levels are shown as fold change
between shSOX9 and control. All error bars represent SD.
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while WNT5A was strongly repressed (Figure 3B). In contrast to
other WNTs, WNT5A is a ligand for the ROR1 and ROR2 recep-
tor tyrosine kinases, and the noncanonical signaling through this
pathway generally opposes canonical WNT/B-catenin signaling
(40-42). A schematic demonstrating the broad regulation of WNT
components by SOX9 is shown in Supplemental Figure 3.

To assess whether SOX9 may be directly regulating these WNT
pathway genes, we examined the SOX9 ChIP-seq data. Signifi-
cantly, the majority of the SOX9-regulated WNT pathway genes
had associated SOX9-binding sites within 20 Kb of their TSSs (83%
versus ~33% genome wide) (Figure 3C, Supplemental Figure 4,
and Supplemental Table 7). Among these genes showing SOX9-
binding peaks, there was a weak but significant (P < 1 x 107%)
peak associated with the YAPI gene, indicating that it may be
directly regulated by SOXO9.

Validation of SOX9 regulation of the WNT pathway in PCa cells
invitro and in vivo. Using qRT-PCR, we next confirmed the effects
of SOX9 siRNA in VCaP cells on a series of WNT pathway genes,
including FZD7, TCF4, LRP6, and YAPI (with FZD7 being most
affected and YAPI being least affected, at ~1.3-fold decreased)
(Figure 4A). Moreover, we confirmed that expression of the p-cat-
enin/TCF4-regulated LEFI gene, which may also be directly reg-
ulated by SOX9 (Supplemental Table 7), was decreased by SOX9
RNAI. Finally, we confirmed the SOX9-negative regulation of
WNT5A by showing that SOX9 siRNA increased and SOX9 over-
expression reduced WNT5A expression (Figure 4B).

LEF1 AXIN2 WNT5A

We next examined PCa xenografts to further assess whether
SOX9 was regulating WNT pathway genes in vivo. We had previ-
ously shown that SOX9 overexpression in LNCaP cell subcutane-
ous xenografts increases initial tumor growth and invasion (13).
Therefore, we extracted RNA from a series of these xenografts
generated with LNCaP cells overexpressing SOX9 (SOX9-OE
xenografts) and control parental LNCaP xenografts and assessed
them for WNT pathway gene expression by qRT-PCR. As expected,
SOX9 expression in all 5 LNCaP SOX9-OE xenografts examined
was increased relative to control (Figure 4C). Significantly, expres-
sion of SOX9-stimulated WNT pathway genes (FZD5, FZD7, LRP5,
LRP6, TCF4, and YAPI) also was increased in the LNCaP SOX9-
OE xenografts, as was expression of LEFI and AXIN2 (Figure 4C).
Interestingly, WNT5A was increased in the LNCaP SOX9-OE
xenografts, indicating that it is activated by SOX9 in this model
in contrast to its being suppressed in the VCaP cell line (data not
shown). The basis for this difference is not yet clear. We similarly
examined a series of xenografts derived from an independently
derived LNCaP SOX9-OE cell line and also found an increase in
each of these WNT pathway genes (Supplemental Figure 5).

We showed previously that SOX9 depletion markedlyimpaired
or abrogated the ability to establish VCaP xenografts (18), so we
could not use VCaP xenografts to examine the in vivo effects of
SOX9 depletion on WNT pathway genes. Therefore, we next
examined CWR22Rvl xenografts. Although these CWR22Rvl
cells do not have the TMPRSS2:ERG fusion, we showed previ-
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Figure 5. SOX9-associated WNT pathway enrichment and expression

of WNT signaling components in clinical PCa data sets. (A) GSEA of the
WNT signaling pathway comparing SOX9 high and SOX9 low samples

in the TCGA PCa data set. NES = 1.11. (B) The box plot demonstrates the
differential expression of various WNT pathway components between the
S0X9 high (SH, n = 60) and SOX3 low groups (SL, n = 85) from a cohort of
195 patients in the TCGA data set. Unpaired t test was used. (C) GSEA of
the WNT signaling pathway in an MSKCC PCa data set comparing SOX9
high and SOX9 low samples. NES = 1.05. (D) The box plot demonstrates the
differential expression of WNT components in the SOX9 high (n = 36) and
SOX9 low groups (n = 28) from a cohort of 131 patients in the MSKCC data
set. Unpaired t test was used. (B and D) In box-and-whisker plots, horizon-
tal bars indicate the medians, boxes indicate 25th to 75th percentiles, and
whiskers indicate 10th and 90th percentiles. (E and F) Enrichment profiles
of the WNT activation signature adapted from ref. 43 comparing patients
with high versus low levels of SOX9 expression in the TCGA (E) or MSKCC
(F) data sets. The NES are 1.28 and 1.60, respectively.

ously that they express substantial levels of SOX9 and that SOX9
depletion slows (but does not prevent) their growth as xenografts
(13). In a series of CWR22Rv1-shSOX9 xenografts, we found con-
sistent decreases in FZD5, FZD7, LRP5, LRP6, TCF4, LEF1, and
AXIN2 and increases in WNT5A compared with that in control
CWR22Rv1 xenografts (Figure 4D). Together, these in vitro and
in vivo data indicate that there is WNT pathway activation in PCa
and that SOX9 is one of the drivers of this activation through regu-
lation of key WNT pathway components.

Correlation between SOX9 and WNT pathway activation in
transgenic mouse models and in clinical samples. GSEA revealed
that the WNT signaling pathway was enriched in PCa with high
expression of SOX9 (SOX9 high) compared with that in PCa with
low expression of SOX9 (SOX9 low) in the TCGA and MSKCC
clinical data sets, indicating an in vivo and clinically relevant asso-
ciation between SOX9 and the WNT pathway (Figure 5, A and C).
Similar to the results in VCaP cells, expression of FZD5, FZD7,
LRP5, LRP6, and TCF4 was positively associated, while WNT5A
was negatively associated, with SOX9 levels in both clinical data
sets (Figure 5, B and D). The corresponding heatmaps are shown
in Supplemental Figure 6.

Significantly, the WNT pathway gene set used for this analy-
sis was derived from studies across a wide range of cell types and
is not specifically a signature of WNT pathway activation. There-
fore, we also examined a gene set indicative of WNT pathway acti-
vation derived from colon cancer cells, which was also validated
in breast cancer (43). GSEA with this WNT pathway activation
gene set showed a strong correlation with SOX9 expression in
both the TCGA and MSKCC data sets (SOX9 is in this gene set but
was removed for this analysis to avoid artifactual inflation of the
enrichment score) (Figure 5, E and F). The corresponding heat-
maps are shown in Supplemental Figure 7.

It should be noted that FZD5 was the FZD family WNT recep-
tor most associated with increased SOX9 in these data sets, while
FZD5 was repressed by SOX9 in VCaP cells. Also, a previous study
found an association between TMPRSS2:ERG fusion and increased
FZD4 (35). These findings, in conjunction with SOX9 chromatin
binding sites associated with multiple FZD family genes, includ-
ing FZD5 and FZD7 (Supplemental Table 7), indicate that SOX9
contributes to the regulation of multiple FZD family receptors

RESEARCH ARTICLE

and that SOX9 cooperation with additional transcriptional factors
likely determines the magnitude and direction of regulation for
particular FZD family receptors. The extent to which LRP5 and
LRP6 are regulated by SOX9 may similarly be modulated.

To independently validate these findings, we next assessed
SOX9-regulated WNT pathway activity in our previously reported
transgenic mouse PCa models, in which prostate-specific SOX9
overexpression increased tumor formation and invasion in a Pten””
background (18). We found that WNT activity (as indicated by Axin2
in situ hybridization [ISH]) and SOX9 protein levels were modestly
increased in prostatic intraepithelial neoplasia lesions of the Pten”"
mouse prostate (Figure 6A). However, Axin2 levels were further
increased (together with the markedly increased SOX9) in the pros-
tatic intraepithelial neoplasia lesions in the Pten”” Sox9 mice.

We then examined an independent series of PCa clinical sam-
ples for SOX9-associated WNT activity. Figure 6B shows SOX9
immunohistochemistry (IHC) in representative primary PCa
specimens with high or low SOX9 expression, which then were
examined by ISH to assess the expression of AXIN2 (a marker of
WNT/B-catenin pathway activation) and of FZD7 and FZD5 (the
WNT receptor most correlated with SOX9 in the clinical gene
expression data sets). The results for this series of cases were
then quantified, which showed that SOX9 expression was posi-
tively associated with increased WNT pathway signaling (Figure
6C). Finally, we found increased YAP1 by IHC in a subset of PCa
expressing high levels of SOX9 (Figure 6D), although YAP1 was
not consistently increased in SOX9 high tumors (possibly reflect-
ing control of its expression by the Hippo pathway). Interestingly,
YAP1 was coexpressed with SOX9 in the basal cells of normal
prostate glands, suggesting roles for these proteins in regulating
growth of the normal prostate epithelium (Figure 6D).

SOX9-driven WNT activity in PCa cells in vitro. Significantly,
SOXO9 depletion by siRNA caused a decrease in the levels of active
(unphosphorylated) p-catenin (ABC) and WNT pathway-reg-
ulated MYC, cyclin D1, and LEF1 proteins, although the latter
appeared to also be directly regulated by SOX9 (AXIN2 protein
was not clearly detectable by immunoblotting in these cells; data
not shown) (Figure 7A). This result, in conjunction with the SOX9
regulation of multiple WNT receptors and transducers, suggested
that VCaP cells might have significant basal WNT pathway activity.
To assess for basal endogenous WNT pathway activity, we treated
VCaP cells with a potent small-molecule inhibitor (LGK974) of
the enzyme porcupine, which is required for WNT palmitoylation,
release, and receptor activation (44). At low nanomolar concentra-
tions, LGK974 caused a decrease in phosphorylation of the WNT
coreceptor LRP6, consistent with blockage of WNT receptor acti-
vation by endogenous WNT (Figure 7B). This was also associated
with a decrease in levels of ABC (Figure 7B). Significantly, these
decreases in ABC were most pronounced at higher concentrations
of LGK974, which may reflect pathway activation by even very low
levels of WNT (although some off-target effects of LGK974 cannot
be excluded). Finally, treatment with the WNT coreceptor antago-
nist Dickkopf-related protein 1 (DKK1) similarly suppressed basal
LRP6 phosphorylation, further indicating that the pathway is
being stimulated by endogenous WNT (Supplemental Figure 8).

We nexttreated VCaP cells with LGK974 at concentrations that
strongly suppressed ABC levels (0.5-1.0 pM) and assessed effects
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Figure 6. SOX9 correlates with WNT activity and expression of WNT components in transgenic mouse models and in primary PCa. (A) Sox9 and
Axin2 expression was assessed by ISH in the prostates of Pten*/- or Pten*/~ Sox9 transgenic mice. The prostatic intraepithelial neoplasia lesions are
encircled by dotted lines. Scale bar: 20 um. (B) Representative illustration of levels of AXIN2 (WNT activity) and FZD5 or FZD7 (SOX9-regulated WNT
components) in SOX9 high or low primary PCa clinical samples. SOX9 was measured by IHC, while AXIN2, FZD5, and FZD7 were examined by ISH. Scale
bar: 50 uM. (C) Scatter plots demonstrate the differential WNT activity (reflected by AXIN2 expression) or the expression of WNT receptors between
S0X9 high (n = 7) and SOX9 low (n = 6) samples. SOX9 high was defined as >50% positive staining by IHC, and SOX9 low was defined as 0% and 5%
positive staining. AXIN2, FZD5, and FZD7 mRNA levels were measured by ISH (RNASCOPE). Error bars represent SEM. Data were analyzed by unpaired
t test. ****P < 0.0001. (D) YAP1 protein levels measured by IHC between SOX9 high and SOX9 low PCa. Arrows indicate a positive stain of SOX9 or YAP1

in the basal cells of normal glands. Scale bar: 20 pM.

on WNT pathway activity. Consistent with suppression of WNT
signaling, we found marked decreases in the WNT/B-catenin-
regulated proteins MYC, cyclin D1, and LEF1 (Figure 7C). SOX9
was similarly decreased, a finding consistent with SOX9 expres-
sion being stimulated by B-catenin/TCF4 (12). We also treated
VCaP cells with PKF118-310, an agent that disrupts B-catenin
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binding to TCF4 (45), and similarly observed decreased expres-
sion of these WNT/p-catenin-regulated genes (Figure 7C). Inter-
estingly, ABC was also decreased after PKF118-310 treatment,
which we presume was due to the displacement of unphosphory-
lated B-catenin from TCF4 or possibly other proteins and its sub-
sequent phosphorylation and degradation (12, 44-46).
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Figure 7. SOX9-dependent and autocrine WNT activation in VCaP cells. (A) \VCaP cells were transfected with SOX9-targeted (SOX9i) or control (nontar-
geting control) siRNA. Cells were lysed and immunoblotted at 72 hours after transfection. (B) VCaP cells were treated with increasing concentrations of
LGK974 (LGK) and were then lysed at 19 hours after treatment and immunoblotted. Band intensities were quantified using Image) software and normal-
ized relative to the quantity of their respective GAPDH bands and are expressed as percentages of the first lane. (C) VCaP cells were treated with two
independent WNT inhibitors: LGK974 or PKF118-310 (PKF). Cells were lysed at 19 hours after treatment and immunoblotted. The same untreated control
sample is shown for both the LGK974 and PKF118-310 treatments. s.e., shorter exposure; l.e., longer exposure. (D) VCaP cells were mock transfected or
transfected with SOX9-targeted siRNA (S0XSi). These cells were treated with either 0 or 40 ng/ml WNT3A during the last 6 hours before being lysed at
72 hours after transfection. (E) LNCaP cells with or without doxycycline-induced SOX9 overexpression (50X9-0E) were transfected with 16x TOP-flash,
8x TOP-flash, or 8x FOP-flash plasmids, respectively, which was accompanied by pRL-CMV plasmid as a normalization control. The cells were lysed and
measured for luciferase activity at 28 hours after transfection, and WNT3A (0 or 40 ng/ml) was added during the last 10 hours. The RFL activity of each
transfection was calculated by normalizing the firefly luciferase activity against the reference renilla luciferase activity. The fold changes of the WNT3A
stimulated and unstimulated basal RFL for each reporter are plotted. Error bars represent SD. Results in A-D are representative of 3 independent experi-
ments each, and results in E are representative of 2 independent experiments, with triplicate biological replicates in each experiment.

Basal WNT pathway activity in VCaP cells could be increased =~ were randomized to receive treatment with LGK974 or vehicle for
by treatment with exogenous WNT3A, as indicated by increased 17 days and were then sacrificed. The systemic efficacy of LKG974
p-LRP6, ABC, MYC, LEF1, and SOX9 (Figure 7D). Significantly,  in blocking WNT activity was confirmed by reduced AXIN2
SOX9 silencing with siRNA reduced or abrogated these responses ~ mRNA levels in small intestine crypts, as assessed by ISH (Sup-
to WNT3A, consistent with the SOX9 regulation of WNT receptors  plemental Figure 9A). Significantly, tumor growth, as assessed by
and downstream transducers. To further directly assess whether ~ fold change in tumor volumes, was substantially suppressed by
SOXO9 is sufficient in regulating the responses to WNT stimula- ~ LGK974 (Figure 8A). Consistent with this growth inhibition, BrdU
tion, we examined LNCaP cells with doxycycline-inducible SOX9.  incorporation (mice were pulsed with BrdU prior to sacrifice) in
Cells were transfected with B-catenin/TCF4 or control-regulated ~ the LGK974-treated xenografts was markedly reduced (Figure
firefly luciferase reporter genes (TOPflash or FOPflash, respec-  8B). Examination of the xenografts by ISH confirmed that WNT
tively), and SOX9 expression (SOX9-OE) was induced at the  signaling, as assessed by AXIN2 mRNA, was decreased in the
time of plating by addition of doxycycline (induced) or vehicle =~ LGK974-treated tumors (Figure 8B and Supplemental Figure 9B).
(uninduced). TOPflash, but not FOPflash, luciferase activity was To further examine the contribution of SOX9-dependent WNT
markedly stimulated by WNT3A in the doxycycline-induced cells, ~ pathway activation in supporting tumor growth, we established
while the TOPflash activity was only minimally stimulated in the =~ xenografts with LNCaP cells expressing a doxycycline-regulated
uninduced cells (Figure 7E). Taken together, these results demon- ~ SOX9 transgene. The level of overexpressed exogenous SOX9
strate that SOX9 regulates responsiveness to WNT signaling. protein in LNCaP xenografts overexpressing SOX9 was compara-

WNT-targeted treatment suppresses SOX9-expressing PCa  ble to the level of endogenous SOX9 in VCaP xenografts (Supple-
xenograft growth in vivo. To examine the biological significance of ~ mental Figure 10). Consistent with our previous report, expression
WNT signaling in vivo, mice with established VCaP xenografts  of exogenous SOX9 in LNCaP cells increased the rate at which
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Figure 8. Inhibition of SOX9-dependent WNT activity reduces tumor growth in vivo. (A) Mice with established subcutaneous VCaP xenografts were
treated daily with i.p. injection of carrier (control, n = 16) or of LGK974 (3 mg/kg, n = 16). The tumor volume was followed and fold change was calculated
by dividing the tumor volume at each time point by its day 0 volume. Two-way ANOVA with Bonferroni post-tests were used to compare replicate means
at each time point. ***P < 0.001, ****P < 0.0001. Error bars represent SEM. (B) Representative images of AXIN2 mRNA ISH in control and LGK974-treated
VCaP xenografts. Representative images of BrdU incorporation in control and LGK974-treated VCaP xenografts measured by BrdU IHC. The mean of BrdU
incorporation rate was plotted for the control and LGK974-treated groups. Scale bar: 100 mm. Unpaired t test was used. **P < 0.01. Error bars represent
SD. (C and D) Mice injected with inducible SOX9-overexpressing LNCaP cells were divided into induced (food and water containing doxycycline) or unin-
duced (fed with regular food and water) groups. Mice with established subcutaneous xenografts from each group were randomly assigned to the control or
LGK974 treatment subgroups, and the tumor volumes were followed at described in A. (C) Tumor growth curve of the control (n = 8) and LGK974-treated
(n = 6) mice in the SOX9-induced group. (B) Tumor growth curve of control (n = 4) and LGK974-treated (n = 3) mice in the uninduced group. Two-way
ANOVA with Bonferroni post-tests were used. ***P < 0.001, ****P < 0.0001. Error bars represent SEM.

xenografts initially developed (data not shown) (13). Mice were
treated with doxycycline to induce SOX9 expression at the time of
implantation, and those with established tumors were randomized
to receive treatment with LGK974 or vehicle (control), as above for
the VCaP xenografts. Significantly, the LGK974 treatment arrested
tumor growth (Figure 8C). In striking contrast, LGK974 had no
effect on the growth of xenografts generated from the same LNCaP
cells in the absence of doxycycline induction (Figure 8D) or on
xenografts generated from the parental LNCaP cells (Supplemen-
tal Figure 11). Significant effects of LGK974, comparable to those
shown in Figure 8, were observed when absolute changes in tumor
volume were plotted (Supplemental Figure 12), based on fold
change in tumor volume. Overall these findings support the con-
clusion that SOX9 expression enhances tumor cell responsiveness
to WNT signaling and that SOX9-mediated WNT pathway activa-
tion is critical for the role of SOX9 in promoting tumor growth.

Discussion

WNT signaling plays a key role in many tissues and has been impli-
cated in several cancers. Previous studies have provided evidence
of canonical WNT/B-catenin signaling in PCa (47-54), but its role
in PCa has been controversial (55). Common mutations observed
in colon cancers (such as those in APC, B-catenin, or AXIN1) are
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infrequent in PCa, and enhanced WNT/B-catenin signaling, as
indicated by elevated nuclear B-catenin staining, has been incon-
sistently found in clinical PCa (56-60). However, it has become
clear that nuclear p-catenin staining is not a sensitive indicator of
WNT/B-catenin pathway activation and that robust biomarkers
and mechanisms of WNT signaling are needed to fully elucidate
the role of this pathway in PCa (47-54). We believe that our study
establishes a novel link between SOX9 and WNT pathway activa-
tion in PCa and shows mechanistically that SOX9 positively reg-
ulates multiple genes required for WNT signaling. Significantly,
recent studies also support important roles of both SOX9 and
canonical WNT/B-catenin signaling in ductal morphogenesis of
fetal prostate (10, 11, 34). Based on these findings, we propose that
SOX9 expression (driven by TMPRSS2:ERG fusion or additional
mechanisms) stimulates PCa development by sensitizing cells to
WNTs, which may be autocrine and/or from stroma, and thereby
reactivates the WNT signaling pathway that regulates ductal mor-
phogenesis in fetal prostate.

While the TCF transcription factors appear to be the major
nuclear targets of B-catenin, additional transcription factors may
also be coactivated by B-catenin. One such transcription factor
is AR, whose interaction with B-catenin may contribute to PCa
(61-65). Interestingly, we found that SOX9 directly regulated the
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expression of YAP1, which coactivates TEAD transcription fac-
tors to turn on genes involved in cell proliferation, survival, and
invasion. YAP1 is the major target of the tumor suppressor Hippo
pathway, and, in quiescent cells, it undergoes Hippo pathway-
mediated serine phosphorylation that inhibits its nuclear import
and promotes degradation. Significantly, YAP1 was also recently
found to bind B-catenin, with the B-catenin/YAP1 complex coac-
tivating the TBXS5 transcription factor and stimulating the expres-
sion of prosurvival genes (39). These observations indicate that
SOX9 regulates YAPI transcription directly and may also regulate
its activity indirectly through the WNT/B-catenin pathway. Inter-
estingly, and consistent with a recent report (66), using IHC we
found that YAP1 in normal prostate is expressed primarily by basal
cells, similarly to SOX9. These findings suggest that a physiolog-
ical function of SOX9 in normal basal cells may be to overcome
Hippo and other growth-suppressive pathways by rendering the
cells permissive to WNT signals from the stroma that may be pro-
duced in response to injury (67).

We reported previously that SOX9 expression was associated
with triple-negative breast cancer and that it could stimulate the
expression of LRP6 and TCF4 in breast cancer cell lines (37).
Moreover, we showed that transgenic overexpression of SOX9
in mammary epithelium caused increased TCF4 expression. A
recent study in adult hair follicle stem cells similarly found that
SOX9 bound to and regulated the TCF4 gene, although the effect
of SOX9 knockdown on TCF4 and WNT signaling in these cells
was modest (26). Our results also indicate that SOX9 directly
suppresses the expression of WNT5A, which mediates nonca-
nonical WNT signaling through binding to the ROR1 and ROR2
receptor tyrosine kinases, and suppresses canonical signaling
(although this was not observed in LNCaP cells overexpressing
S0OX9). While our findings indicate that SOX9 sensitizes PCa cells
to respond to canonical WNT signaling, SOX9 can bind to and
sequester nuclear B-catenin and has been reported to stimulate
the phosphorylation and degradation of nuclear p-catenin in chon-
drocytes (68, 69). This could be a negative feedback mechanism to
restrain WNT signaling in normal prostate basal cells, but further
studies are needed to determine whether this mechanism plays a
role in normal prostate or in prostate carcinogenesis.

Although SOX9 expression may render PCa cells responsive
to WNT signals through increased expression of WNT receptors
and downstream signaling proteins, these cells may still be depen-
dent on WNT synthesis, which may be autocrine or paracrine from
stroma. Qur results support the notion that an autocrine WNT
synthesis may be activating the pathway in a subgroup of PCa. In
addition, stromal WNT production or stromal WNT activation
through B-catenin overexpression is sufficient to promote pros-
tate tumorigenesis in mouse models (47, 48, 54). Interestingly, in
adult human prostate, stromal WNT16B was identified as a factor
mediating epithelial cell resistance to DNA-damaging agents (67).
WNT signaling in advanced PCa may also be enhanced by APC
gene methylation or by mutations in key components of the WNT
signaling pathway (70-72). Overall, these findings indicate that
WNT synthesis and signaling are driving at least a subset of PCa,
in particular those tumors with high SOX9 levels, and that this
subset of PCa may be responsive to WNT synthesis inhibitors or
other WNT pathway antagonists that are now entering the clinic.
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Methods

Cell lines and reagents. Cell lines were from ATCC and were maintained
under conditions recommended by the provider. VCaP cells LNCaP
cells with doxycycline-regulated SOX9 overexpression (LNCaP-SOX9
cells), and CWR22Rv1 cells with SOX9 silencing shRNA (CWR22Rv1-
shSOX9 cells) were previously described (13, 18). WNT inhibitors,
LGK974 or PKF118-310, were purchased from ActiveBiochem and Sell-
eckchem, respectively.

RNAi. SOX9 knockdown was as described previously (12). Briefly,
cells were transfected with 100 nM siGENOME siRNA (GE Health-
care Dharmacon) using Lipofectamine 2000 (Thermo Fisher Scien-
tific). RNA or protein was extracted at 72 hours after transfection.

RNA isolation and qRT-PCR. Total RNA was isolated using the
RNeasy Mini Plus Kit or RNeasy FFPE Kits (Qiagen). qRT-PCR was
performed in triplicate using standard SYBR Green reagents from
the StepOnePlus Real-Time PCR system (Thermo Fisher Scientific).
Target mRNA expression was quantified using the AAC, method and
normalized to GAPDH expression. Primer sequences are listed in the
Supplemental Methods.

Gene expression arrays. Transcriptome profiling was performed
using Affymetrix GeneCHIP Human Genome U133 plus 2.0 Arrays
(Affymetrix), all in biological duplicates compared with control.
Raw data were analyzed using GeneSpring (Agilent). After ranking
according to differential expression, GSEA was performed to search
for enrichment across the Molecular Signatures Database (73). GSEA
and box plots of SOX9 and its association with WNT components
were derived from independent clinical data sets from TCGA and
MSKCC (GSE 21032). For SOX9-associated gene expression analy-
sis, two cohorts of patients with PCa were studied (195 patients in the
TCGA data set and 131 patients in the MSKCC data set). SOX9 high
tumors were defined as those among the top 75% of tumors with pos-
itive z scores in the TCGA data set or those among the top 50% in the
MSKCC data set. Conversely, SOX9 low tumors were defined as those
among the bottom 75% of tumors with negative z scores in the TCGA
data set or those among the bottom 50% in the MSKCC data set.

ChIP-seq analysis. ChIP-seq was performed using two inde-
pendent anti-SOX9 antibodies (Abl from Millipore and Ab2 from
Abcam). Libraries were sequenced to 50 bps. ChIP-seq reads were
aligned to the human genome (NCBI36). Significantly enriched
regions (P < 1 x 107%) were detected with the MACS software using
default parameters (74). Genomic features associated with SOX9-
binding sites, such as distribution and conservation, were deter-
mined using the cis-regulatory element annotation system. The Seq-
Pos motif algorithm in Cistrome was used to define the consensus
SOX9-binding motif by compiling the genomic sequences within
a 100-bp window centered on the summits of the SOX9 ChIP-seq
peaks. In addition, genomic sequences within a 600-bp window cen-
tered on the summits of the SOX9 ChIP-seq peaks were scanned for
enriched transcriptional factor-binding sites to define the potential
SOXO9 cofactors. ChIP-seq analysis was performed using Cistrome as
previously described (75). The data sets from microarray and ChIP-
seq analyses have been deposited in the GEO repository (GSE76452).

Immunoblotting and IHC. Immunoblotting and IHC experiments
were performed as described before (12). Briefly, for immunoblotting,
proteins were extracted using RIPA buffer. The primary antibodies
were incubated overnight. Gels shown are representative of at least 3
independent experiments. Sources and dilutions of the primary anti-
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bodies are provided in the Supplemental Methods. For IHC, paraffin
sections underwent antigen retrieval and were then incubated with
primary antibody overnight at 4°C, followed by biotinylated secondary
antibody and streptavidin-horseradish peroxidase (Vector Laborato-
ries). The IHC results were scored blindly of the clinical information.
The samples were assigned as low when 0% to 5% of the tumor cells
showed positive nuclear staining or assigned as high when more than
25% of the tumor cells showed positive nuclear staining. Sections pre-
sented in each figure were stained under same conditions and photo-
graphed under identical conditions.

Luciferase reporter assay. Transfections were performed by using
X-tremeGENE HP DNA Transfection Reagent (Roche Molecular Bio-
chemicals, Sigma-Aldrich) according to the manufacture’s instruc-
tions. Briefly, LNCaP SOX9-OE cells were plated in a 96-well plate
at a density of 2 x 10* cells per well and were treated with vehicle or
doxycycline (100 ng/ml). Twenty-eight hours after seeding, cells
were transfected with 100 ng per well of the TOPflash (16x or 8x) or
FOPflash (8x) reporter plasmids (Addgene) together with 2 ng per
well of a renilla reporter plasmid (pRL-CMV) as a normalization con-
trol. Eighteen hours after transfection, WNT3A (40 ng/ml) or vehi-
cle was added to the cells and incubated for an additional 10 hours.
Cells were then lysed for 15 minutes at room temperature. The lysates
were clarified by centrifugation at 1,900 g for 10 minutes, and luci-
ferase reporter gene expression was measured by a Dual-Luciferase
Reporter Assay Kit (Promega). The relative firefly luciferase (RFL)
activity was obtained by normalizing firefly luciferase activity against
renilla luciferase activity. RFL fold change upon WNT3A stimulation
was calculated by normalizing the luciferase activity after WNT3A
stimulation against the basal activity. All experiments were repeated
in triplicate for at least 3 times.

ChIP. Experiments were performed as previously described (18).
qPCR (SYBR Green) was used to measure the DNA fragment quanti-
ties, which were compared with input DNA to calculate ACT values.
The relative quantity (RQ) value (RQ = 2°T) represents the precipi-
tated DNA relative to input. Results are represented as mean * SD for
replicate samples. Data are representative of at least 3 experiments.

RNA ISH. ISH for SOX9, FZD5, FZD7, and AXIN2 was performed
using an RNAscope 2.0 FFPE Assay (Advanced Cell Diagnostics).
Briefly, 5-um sections of FFPE blocks were treated for 1 hour with
heat and for a half hour with protease before hybridization with target
probes. A horseradish peroxidase-based signal amplification system
was then applied and was followed by visualization with DAB. Posi-
tive staining was observed as red, punctate dots. Technical controls
included the bacterial gene DapB as a negative control and the house-
keeping gene PPIB as a positive control. In addition, as a positive con-
trol, AXIN2 staining was also validated on a colorectal cancer sample.
Each sample was scored blindly of their clinical information or of their
SOXO9 expression levels. The RNAscope score was scored at a magnifi-
cation of x200 or x400, and the samples were binned into 5 subgroups
based on the intensity of positively stained tumor cells. The scoring
criteria were as follows: O, no staining or <3 dots per 10 cells; 1,1-3 dots
per cell; 2, 4-9 dots per cell or no or very few dot clusters; 3,10-15 dots
per cell or <50% dots are in clusters; and 4, >15 dots per cell or >50%
dots are in clusters. The score was assigned based on the intensity of
the prevalent cell population.

Xenografts and drug treatment. All animal studies were conducted
at the Beth Israel Deaconess Medical Center according to protocols
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approved by their institutional animal care and use committees.
VCaP, LNCaP-SOXO9, or parental LNCaP xenografts were established
in the flanks of 6-weeks-old male SCID or nude mice by injecting
approximately 5 million cells in 50% Matrigel. The LNCaP-SOX9
group was feed with doxycycline chow (0.625 g/kg, Harlan Tekland)
and water (1 g/1in 1% dextrose), commencing at the initial implanta-
tion. Mice bearing established xenografts (tumor volume, 100-200
mm?®) were randomized into control or LGK974 treatment groups,
each receiving daily i.p. injections of DMSO or 3 mg/kg LGK974 for
17 days. Tumor sizes were followed twice a week by directly measur-
ing with a caliper. Tumor volumes were calculated with the formula:
length x width x width/2. The fold change of tumor volume was
determined by normalizing each tumor measurement to its volume
on day O at the beginning of drug administration. The cell prolifera-
tion labeling reagent BrdU was i.p. injected at 24 hours prior to tumor
collection, according to the manufacture’s instructions (kit RPN201,
Amersham, GE Health Care Life Science).

Statistics. Significance of difference between 2 groups was deter-
mined by 2-tailed Student’s ¢ test using Prism5 (GraphPad Software
Inc.). For comparison of tumor growth curves between LGK974 treat-
ment and the control, tumor volume fold change data were analyzed
by 2-way ANOVA with Bonferroni post-tests to compare replicate
means at each measuring time point. Statistical significance was
accepted at P< 0.05.

Study approval. Mouse xenograft studies were approved by the
Beth Israel Deaconess Medical Center IACUC. The analysis of deiden-
tified human tissue samples was approved by the Beth Israel Deacon-
ess Medical Center IRB.
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